ABSTRACT Data dissemination finds a wide range of appealing applications in disaster alert, event notification, and content distribution. In particular, with the evolution of mobile networks and the popularity of online social networks, mobile social networks (MSNs) offer a promising paradigm to facilitate data dissemination. Traditional data dissemination approaches focus on how to leverage the resources in the physical networks, such as opportunistic contacts in delay tolerant networks and opportunistic networks, or the infrastructure in the cellular networks. In contrast, social-aware data dissemination approaches also exploit the valuable information from the social networks and take into consideration the complex requirements of human users. A systematic review of the existing approaches for data dissemination can provide insightful information and motivate more in-depth studies in this area. In this paper, we first review some traditional approaches as a basis for comparison. Then, we introduce some fundamental background on MSNs, device-to-device (D2D) communication, game theory, and matching theory, which have been used in existing studies on social-aware data dissemination. The technical and mathematical information is helpful for readers to follow our discussions in the main body of this paper, which surveys many social-aware approaches in the literature. We group our discussions based on the theoretical models for various problems in data dissemination. Also, we separate the problems, initial source selection and incentive design, from others to emphasize their importance. In the end, we highlight some interesting research directions for future study on data dissemination.
I. INTRODUCTION
Data dissemination aims at delivering information to a group of target users in a geographical region. It finds a wide range of applications in disaster alert, event notification, and content distribution. In recent years, data dissemination becomes an appealing mobile application with the increasing penetration of smart devices and the deployment of ubiquitous wireless networks. A straightforward method for data dissemination in wireless networks is the flooding approach, which is mainly adopted in wireless sensor networks. In the flooding approach, the source node transmits messages to its neighbours and then each recipient node further broadcasts the received messages to its neighbours iteratively until the messages reach all destination nodes. Obviously, the flooding approach is not energy-efficient and may generate a large number of replicate messages that may result in network congestion [1] .
In conventional cellular networks, data dissemination can be performed by using a unicast or multicast approach, in which the base station (BS) either unicasts the data to each target device individually or multicasts the data once to all target devices. Nonetheless, these approaches are not energy-efficient as much energy is consumed at target devices whenever data rates of long-range transmission are low [2] . In addition, such approaches may generate a large amount of data traffic, which increases the traffic load of cellular networks [3] .
As mobile devices become increasingly popular and many short-range wireless communication techniques among devices grow mature, researchers begin to explore the potentials of leveraging the contacts among mobile devices to transmit data and perform effective data dissemination, e.g., in delay tolerant networks (DTNs) [4] and opportunistic networks [5] . These two types of networks are similar with respect to the intermittent connectivity between the devices in the network and the store-carry-and-forward method is used for delivering data between devices. The DTN takes into account the tolerance of delay in data dissemination, while the opportunistic network focuses on the opportunistic contacts among devices for data dissemination.
Meanwhile, the past decade witnessed explosive growth of social networking services and applications. Many largescale online social network platforms have emerged, such as Facebook, Twitter, LinkedIn, and WeChat. Users' frequent daily interactions on these platforms offer resourceful information on users' social relationships. These social relationships are valuable for effective data dissemination since mobile devices such as cell phones and tablets are carried by human users who keep encountering and interacting with others during the process of data dissemination. In this context, social-aware data dissemination is proposed, which utilizes users' social relationships and information to facilitate data dissemination. Combining the social network and mobile communication network, a mobile social network (MSN) can be viewed as a user-centric mobile communication network that involves the social relationships of users [6] . The MSN can enable effective data dissemination by taking advantage of the inherent information on users' social characteristics and mobility patterns.
The conventional cellular networks are also experiencing evolutionary advances in the architectures. The infrastructure mode can be complemented with device-todevice (D2D) communication, which enables direct communications among mobile devices in a peer-to-peer (P2P) fashion bypassing the BS. With short transmission range, D2D communication typically supports high data rates with low transmit power, thus saving much energy consumption. In addition to improving energy efficiency, D2D communication also offers benefits such as expanding coverage, offloading traffic, and facilitating proximity-based safety services. D2D communication is supported in LTE Direct in the licensed spectrum and Wi-Fi Direct in the unlicensed spectrum. Wi-Fi Direct has become available with Android 4.0 and Blackberry 10.2 and the smartphones shipped with such implementations. As seen, D2D communication provides a promising paradigm that sustains and expedites data dissemination even when the network infrastructure is damaged in emergency situations, such as earthquakes, floods, and power grid failures.
In this paper, we will give a review of the existing works on social-aware data dissemination that leverages mobile communication networks and online social networks. In the literature, there are some related surveys on MSNs [6] - [8] , cooperative content distribution [2] , and D2D communications [9] . Most of these survey papers only briefly discuss social-aware data dissemination as one potential application, while [8] provides a more comprehensive review on the routing and data dissemination issues for opportunistic MSNs. Our paper explores social-aware data dissemination from different angles. We not only concentrate on the existing solutions to the key problems of social-aware data dissemination, but also incorporate extensive background and technical discussions on the underlying theoretical models and their fitness for various problems.
The rest of the paper is organized as follows. Section II starts with a review of the traditional data dissemination approaches in DTNs and opportunistic networks. Then, Section III introduces some background on MSNs, D2D communication, game theory and matching theory. This is to help the readers better follow the social-aware data dissemination approaches reviewed in Section IV. The incentive issue for data dissemination is discussed separately in Section V as we believe that this is under-explored but very important research topic. Last, Section VI highlights several promising research directions for future studies on data dissemination.
II. TRADITIONAL DATA DISSEMINATION APPROACHES
In the literature, a large amount of early studies on data dissemination in wireless networks usually ignore users' social relationships. These works mainly focus on exploiting users' mobility and opportunistic contacts with others for data dissemination. In this section, we introduce the related works on traditional data dissemination in three major areas, i.e., data dissemination in DTNs, opportunistic networks and cellular networks.
A. DATA DISSEMINATION IN DTNs AND OPPORTUNISTIC NETWORKS
With the proliferation of mobile devices and the development of wireless communication techniques, opportunistic contacts among mobile devices are gradually explored for effective data dissemination in DTNs and opportunistic networks. A store-carry-and-forward approach is used to disseminate data between nodes when they encounter, i.e., when they fall within the transmission range of each other. Due to user mobility, the encounters are opportunistic and temporary, which results in intermittent connectivity between nodes. As a result, messages are often buffered in the nodes waiting for a path towards the destination nodes to be available. Such data dissemination approaches are usually accompanied with a varying delivery delay for message dissemination [10] . Though DTNs particularly target at messages that can tolerate large delays, they exploit opportunistic contacts in a similar manner. Hence, we review the data dissemination approaches for DTNs and opportunistic networks together in this section.
In [11] , Zeng et al. propose a mechanism for reliable bulk or stream-like data dissemination in DTNs utilizing a dynamic segmented network coding technique. The proposed mechanism consists of three phases, i.e., seeding phase, propagation phase, and acknowledgement phase. In this mechanism, the segment sizes are adjusted according to the dynamics of the network and a pipeline technique is utilized to accelerate the transmission of a sequence of segments of various sizes. The authors also conduct theoretical analysis and give a lower bound for the expected delivery delay of their proposed scheme.
The incentive issue has also been addressed in some studies on data dissemination in DTNs. For instance, a credit-based incentive scheme is designed in [12] to stimulate collaboration among nodes in DTNs for data dissemination. In this work, it is assumed that the nodes in the network can have multiple interest types toward the data to be disseminated. When two nodes encounter, they need to decide which messages they should trade. As the nodes are assumed to be motivated by their own benefits when transmitting message to others, the trading process is modelled as a two-player cooperative game and the Nash Theorem is utilized to find an optimal solution. The proposed incentive scheme can be used to estimate the expected credit reward for a node. The credits are only rewarded to the final deliverer of the messages due to the intermittent connectivity.
In [13] , Chen et al. propose a content-centric framework to facilitate data dissemination in opportunistic networks. In this work, three message scheduling algorithms are proposed to improve data delivery capacities of a hybrid erasure coding based forwarding (HEC) scheme. Then a layered multiple description coding scheme is proposed to improve data dissemination for the video transfer and web surfing applications in opportunistic networks. A semantic-based algorithm is proposed in [14] for data dissemination in opportunistic networks. It uses a data tagging approach to construct a semantic network based on the information held by each user. Then the interaction between semantic networks is utilized to choose the information to be exchanged between the users when they encounter each other.
B. DATA DISSEMINATION IN CELLULAR NETWORKS
While data dissemination in DTNs and opportunistic networks depends on intermittent connectivity resulting from opportunistic contacts among devices, data dissemination in cellular networks can take good advantage of the ubiquitous infrastructure in wide areas. In general, the BS first transmits the messages to a subset of users called sources or seeds via cellular links and then relies on the short-range transmission among users for further data dissemination. Many works in this area aim to optimize the completion time and energyefficiency of data dissemination.
In [15] , a framework is proposed for content dissemination in mobile cellular networks. In the framework, the BS first pushes the content to a subset of users via cellular links and then users further share the content with each other via opportunistic Wi-Fi links. The authors theoretically model and analyze the content dissemination in the scenario of a single cell and multiple cells with handover, respectively. Then an optimization framework is formulated regarding how the BS should transmit the content to users during the process of content dissemination to achieve the minimum dissemination completion time and energy cost.
The work in [16] focuses on medium access control (MAC) for data dissemination in cellular networks to coordinate the transmission of the source nodes. Formulating the data dissemination process as a noncooperative game, the authors further derive two MAC strategies, i.e., a distributed approach for ad-hoc networks and a coordinated approach for infrastructure networks. The two MAC strategies are analyzed mathematically in terms of energy efficiency and dissemination completion time. Table 1 summarizes the traditional data dissemination approaches discussed in Section II-A and Section II-B. As seen, these approaches in opportunistic networks (including DTNs) and cellular networks leverage either opportunistic contacts or the cellular infrastructure, respectively, to forward messages toward target users. The completion time and energy-efficiency are two main metrics to evaluate the performance of the data dissemination approaches. The achievable performance depends on how these approaches exploit the inherent characteristics of the network architectures, e.g., intermittent connectivity or ubiquitous coverage, in the process of data dissemination.
C. DISCUSSIONS ON TRADITIONAL DATA DISSEMINATION APPROACHES
Although the reviewed approaches vary with the specific network settings (single cell or multiple cells) or data types (video or web), the data dissemination process often involves two key phases, i.e., the seeding phase and the forwarding phase. Correspondingly, these phases give rise to two key research problems, namely, initial source selection and forwarding message selection. The solutions in the above reviewed works use different methods, such as semantic networks, optimization theory, cooperative or noncooperative games. While these approaches may perform differently, VOLUME 5, 2017 they share a common feature in that they mainly incorporate the characteristics of the physical networks. Though there are some initial efforts to address the incentive issue from the users' perspective, more users' information in the social domain can be explored in depth to further improve the performance of data dissemination.
III. BACKGROUND
This section provides some background information related to social-aware data dissemination. Particularly, we give an introduction on MSNs, and the popular proximity-based communication technique, D2D communication, which is adopted in many works on data dissemination in mobile networks, and several foundational theories that are used to model data dissemination, i.e., game theory and matching theory.
A. MOBILE SOCIAL NETWORKS
A MSN is a user-centric mobile communication network that involves the social relationships of users [6] . As MSN is a fusion of the social network and mobile communication network, it inherits and combines some features and properties of the two types of networks. In [17] , experimental results show that the MSN is typically a scale-free network that exhibits small world phenomenon. In [18] , it is observed that users exhibit social-related mobility patterns in MSNs. The emergence of MSNs has brought about a variety of applications such as mobile social networking services, healthcare services, location-based services, and wearable device services [6] . In addition, many aspects of human life are envisioned to be revolutionized by MSNs, such as opportunistic social interaction, disaster rescue and information sharing [19] .
The architectures of MSNs can be classified into three categories, namely, the centralized architecture, distributed architecture, and hybrid architecture [6] . In the centralized architecture, a network infrastructure, such as the BSs or access points (APs), are used to exchange and deliver information between the content provider and a mobile user. In the distributed architecture, a network infrastructure does not exist and mobile users directly communicate with each other using short-range wireless technologies such as Wi-Fi and Bluetooth. As for the hybrid architecture, it can be regarded as a mixture of the above two architectures, in which a mobile user can receive data from the network infrastructure or from another mobile user.
B. D2D COMMUNICATION
D2D communication in cellular networks refers to the direct communication between two mobile devices without going through the BS or core network [9] . D2D communication can operate on either the cellular spectrum or unlicensed spectrum, which are referred to as inband D2D communication and outband D2D communication respectively. In inband D2D communication, the cellular spectrum is used for both the cellular links and D2D links. Based on how the cellular spectrum is allocated between the D2D and cellular communication, inband D2D communication can be further classified into underlaying inband D2D communication and overlaying inband D2D communication.
As for the underlaying inband D2D communication, the cellular spectrum is shared between the D2D and cellular communication. The reuse of cellular spectrum can improve the spectrum efficiency of cellular networks, while it can also result in nonnegligible interference between the D2D and cellular communication. In the literature, there have been many studies on the interference management among the D2D and cellular links in underlaying inband D2D communication [20] - [28] .
As for the overlaying inband D2D communication, dedicated cellular resources are allocated for the D2D communication. As the D2D and cellular communications occur on nonoverlapping parts of cellular spectrum, the interference from D2D communication on cellular transmission can be eliminated. Nonetheless, overlaying inband D2D communication reduces the amount of available cellular resources for cellular communication.
On the other hand, in outband D2D communication, the unlicensed spectrum is exploited for D2D links. As cellular and D2D communications utilize the licensed and unlicensed spectrum respectively, the interference between these two kinds of communication is eliminated and there is also no need for dedicating partial cellular resources to D2D communication. However, outband D2D communication is subject to the challenges of coordinating the transmission over two different bands and requires the cellular devices to have two radio interfaces.
The nature of short-range direct communication between devices enables that D2D communication in cellular networks offers the advantages of improving spectrum efficiency, enhancing energy efficiency, reducing transmission delay, and increasing system throughput. D2D communication in cellular networks was originally designed to enable multi-hop relaying in cellular networks. Gradually, it has been utilized in some other application scenarios such as machine-to-machine communication and peer-to-peer communication. Particularly, in recent years, with the popularity of mobile devices and the explosive growth of cellular traffic and various online applications, D2D communication in cellular networks has also been utilized in the application scenarios such as traffic offloading, content distribution, and data dissemination.
C. GAME THEORY
Game theory is the mathematical study of conflict and cooperation between intelligent rational decision makers [29] . It is an effective tool for modelling and analyzing the interactions among these kinds of agents, and for designing incentive mechanisms. Typically, game theory can be classified into two categories, i.e., noncooperative game theory and cooperative game theory. Noncooperative game theory studies competitive scenarios where each player selects its strategy independently to improve its utility or decrease its costs, while cooperative game theory studies the behavior of rational players when they cooperate with others [30] .
There are many classes of noncooperative games, such as games in normal form, games in extensive form, repeated games, Bayesian games, and stochastic games. The normalform game is the most fundamental type. A normal-form game is defined by a finite set of players, their sets of actions, and a real-valued utility function for each player. A widely used and celebrated notion for normal-form games is Nash equilibrium, which defines a stable strategy profile of all players in a normal-form game, such that every player would like to stick to its current strategy given that it knows what strategies that the other players take. In other forms of noncooperative games, there can be more complex settings, e.g., players' sequential actions and incomplete information with uncertainty of players. Most of the aforementioned games can be reduced to normal-form games.
On the other hand, cooperative games, also known as coalitional games, can be grouped into three classes, i.e., canonical coalitional games, coalition formation games, and coalitional graph games [30] . As for canonical coalitional games, it is implicitly assumed that users' cooperation by joining in a large coalition is never detrimental to every involved player and the grand coalition. That is, the grand coalition of all players in the game is regarded as the optimal structure. The studies on this class of cooperative games mainly concern the properties and stability of the grand coalition and how to divide the payoff among the players in the grand coalition. There are typically two approaches for dividing the payoff, i.e., the Shapley value and the core, which focus on fairness and stability, respectively. In coalition formation games, the player set is partitioned into a collection of coalitions by taking into consideration both the gains and costs for forming coalitions. In a coalitional graph game, the utility or value of a coalition further depends on how the players are interconnected within a coalition. Typically, the underlying structure is represented by a graph, in which the players in a coalition are modelled as nodes and the interactions between the players are modelled as edges. A widely used stability notion for coalitional graph games is local Nash network.
D. MATCHING THEORY
Matching theory is a Nobel Prize winning framework that provides mathematically tractable solutions for matching the players, which depends on the individual information and preferences of each player [31] . It is an effective tool for performing allocation between resources and users. In general, matching theory addresses three classes of matching problems. According to the partitioning of players and their preferences, there are bipartite matching problems with two-sided preferences, bipartite matching problems with onesided preferences, and non-bipartite matching problems [32] .
In the bipartite matching problems with two-sided preferences, the participating agents are partitioned into two disjoint sets, where the agents of each set have preferences toward a subset of agents in the opposite set. The preference of an agent is often specified as a ranked list of the subset of agents in the order of the preference. Typical examples of this class include the stable marriage problem and the hospitals and residents problem. For bipartite matching problems with one-sided preferences, the participating agents are also divided into two non-overlapping sets, whereas only the agents in one side have preferences toward a subset of agents on the other side. The house allocation problem is an example of this class. In the non-bipartite matching problems, e.g., the stable roommates problem, the participating agents are regarded as a whole set, in which every agent ranks a subset of the other agents according to the order of preferences.
In matching theory, stability and optimality are two critical properties that the matching algorithms desire to achieve. Optimality can be defined in terms of the overall utility of the matching result. The stability notion in bipartite matching problems often concerns both sides and is different from the stability notion derived from Nash equilibrium in game theory.
For instance, the stable marriage problem considers two distinct sets M and W , referred to as men and women, respectively. Each man in M has an ordered list of preferences toward women in W . A matching is an assignment of men to women such that each man is assigned to at most one woman and vice versa. A matching is stable if and only if i) no agent prefers to remain unmatched than to be matched in the current assignment (this condition is known as individual rationality), and ii) there exist no agents m ∈ M and w ∈ W which are not assigned to each other but both prefer each other over their present assigned partners (such a matching is said to be unblocked). In [33] , Gale and Shapley explore the situation that the numbers of men and women are equal. They prove that there always exists a stable matching for the stable marriage problem and propose the deferred acceptance algorithm (DAA) to find one. In [34] , McVitie and Wilson extend the DAA algorithm to find a stable marriage when the numbers of agents on the two sides are not equal.
IV. SOCIAL-AWARE DATA DISSEMINATION APPROACHES
As mentioned in Section I, this survey focuses on the existing data dissemination approaches that exploit social-awareness and user mobility. Though there can be resourceful information on users' social relationships and mobility patterns, the current works make use of such information from a variety of perspectives. Depending on the theoretical models considered for data dissemination, we classify them into three groups, i.e., matching theory based, game theory based, and utilitybased optimization approaches. Table 2 lists some representative approaches in these three groups. Moreover, we discuss the initial source selection problem separately, as we believe that it is vital for data dissemination and attracts wide research interests. At the end of this section, we also review some other studies on miscellaneous research problems related to socialaware data dissemination. 
A. MATCHING THEORY BASED
As introduced in Section III-D, matching theory provides an effective tool to align the interests of two sets of agents. It has been widely used to solve various resource allocation problems in wireless networks [43] - [48] . In the scenario of data dissemination, a set of devices that have received certain messages can cache them and further send these messages to another set of devices that still miss them through proximitybased communication techniques such as D2D communication and Bluetooth. Thus, the set of caching devices and the set of requesting devices can be viewed as the two sides of a bipartite matching problem. Then, a key issue is to properly pair the caching devices with the requesting devices to achieve certain design goal, e.g., minimal total energy consumption.
In [35] , Lin et al. propose a preference-aware content dissemination scheme, which aims to satisfy users' preferences for the content objects. This work studies a forwarding problem on how a forwarder should optimize the broadcast schedule for a sequence of messages to its encountered neighbouring users. This maximum-utility forwarding problem is translated into a maximum weighted bipartite matching problem and the Hungarian algorithm is then utilized to solve this problem and find an optimal forwarding schedule. In this work, users are assumed to be voluntary to forward messages to any encountered user. This work can be potentially extended by further addressing users' incentive constraint for data transmission and exploring the relationships of users' preferences with social connections.
In [36] , we propose a three-phase approach for socialaware data dissemination via D2D communication, which fuses social network and mobile network for initial seed selection, and exploits users' altruism and selfishness for subsequent data forwarding. In Phase I, seeds are selected based on a social-physical graph model by utilizing a graph partitioning approach and a centrality measure. In the subsequent Phase II and Phase III, data forwarding is carried out among users, which accommodate their altruistic and selfish incentive constraints, respectively. In Phase II, data forwarding only takes place among socially connected users and a truthful moneyless mechanism is proposed for message selection. In Phase III, the BS intervenes and activates data forwarding among cooperative users which are grouped by a stable matching mechanism. In the mechanism, the cooperation pairing problem is modelled as stable marriage problem and an extended deferred acceptance algorithm is utilized to find a stable matching.
B. GAME THEORY BASED
Unlike the traditional data dissemination approaches reviewed in Section II, social-aware data dissemination takes into account the social connections that exist among the group of target users. Due to the presence of social ties, users are more likely to choose their strategies cooperatively instead of making decisions independently and competitively. Therefore, cooperative game theory provides a good fit for socialaware data dissemination. The data dissemination process involves the receiving of data from the BS or source nodes and further data transmission toward other users. Thus, the transmission links among the nodes in the network, i.e., the coalition structure, is vital for the dissemination efficiency. In the literature, coalitional graph game and network formation game have been utilized for social-aware data dissemination to coordinate the data transmissions among the nodes.
In [37] , Sun et al. propose a social-aware approach for the fast data spreading problem over cellular networks with underlaying D2D communication. They consider a scenario in which the BS is requested to transmit similar data contents to users in an area. In their proposed solution, a social network of mobile users is first established, in which social ties among users are built up based on the probability that users select the shared contents. This probability is estimated by using the Bayesian model. Then, the users whose friends exceed a certain threshold are selected as seeds. After that, a coalitional graph game is formulated and an iterative algorithm is proposed to derive a transmission graph of D2D links between users. In the formulated coalitional graph game, a random user is selected in each iteration and the user adopts the myopic approach to choose its strategies. This may result in a fairly long convergence time to form a transmission graph when there are a large number of users in the network. Hence, this work is more suitable for the delay-tolerant scenarios instead of delay-sensitive applications such as disaster alert.
In [38] , a network formation game is formulated to model social data offloading of selfish users via D2D communication. For the proposed game, the authors obtain the conditions under which the network formation process converges to a pairwise stable network. Then, a practical network formation algorithm is proposed, in which users adjust their D2D sharing strategies based on their obtained payoffs in the historical period. Through simulations, it is shown that the efficiency of data offloading decreases significantly due to users' selfishness. In this work, a user is regarded to be selfish to all the other users in the network. In fact, a more general setting is that users are selfish to strangers but altruistic to their friends. This work might be extended by further integrating users' altruism into the design of network formation game and exploring the influence of users' selfishness and altruism on the performance of data offloading.
C. UTILITY-BASED OPTIMIZATION
In addition to matching theory and game theory, there are also some works that model data dissemination as a utilitybased optimization problem to achieve the desired objectives. Correspondingly, some algorithms are proposed to find an optimal or near-optimal solution. In [39] , Ioannidis et al. study the dissemination of dynamic content over a mobile network. First, they determine how the service provider should allocate its limited downlink capacity optimally to guarantee that the content at end users is as recent as possible. This problem is modelled as a social welfare maximization problem and is solved by utilizing the gradient descent approach. Then they specify a condition under which the system is scalable, where the content age at users grows slowly with an increasing number of users.
In [40] , Wang et al. propose a framework, called TOSS, to offload the mobile cellular traffic over MSNs by exploiting users' interaction in online social network services (SNSs) and their opportunistic sharing of data. In this framework, a subset of users, i.e., seeds, are first selected to receive the dissemination content based on their spreading impact in online SNSs and their mobility impact in offline MSNs. Then the users share the content with each other via their opportunistic contacts. The selection of seeds is modelled as an optimization problem that aims at maximizing the sum of users' access utilities. A heuristic algorithm is proposed to find a near-optimal solution to the optimization problem.
Furthermore, Wang et al. [41] extend the TOSS framework to a new framework called TASA, by exploiting the tags of users and contents. In TASA, an additional factor, i.e., the social similarity between two users based on tags, is included for the decision of selecting the seeds.
Boldrini et al. [42] propose ContentPlace, a socialaware data dissemination system for opportunistic networks. In ContentPlace, the relationships between a user and social communities are explored. When a user encounters another user, they exchange the information about the data objects that they carry. A user fetches the data objects it is interested in from its peer's cache. Then each user calculates a utility value for every data object in its cache and its peers' cache based on the needs of the communities it is associated with. After that, it updates the content of its cache to maximize its local utility. Different social policies are used in designing the utility function by considering the relationship between a user and community from different aspects, e.g., Most Frequently Visited and Most Likely Next. This work might be improved by designing effective social policies that use a weighted combination of the relationships between a user and communities instead of considering them separately.
D. INITIAL SOURCE SELECTION
As seen in the above discussions on social-aware data dissemination, certain nodes, known as sources or seeds, are first selected to receive the dissemination content and further spread the content to other nodes. Obviously, this initial step is critical for the overall data dissemination performance. In this section, we review some studies on the initial source selection problem.
In [49] , Han et al. study the problem of selecting a given number of initial sources to minimize the mobile data traffic over cellular networks. The information dissemination process among users is modelled as a probabilistic dissemination model. The authors first exploit the submodularity of the information dissemination function and then propose three algorithms for initial source selection, including a greedy algorithm, a heuristic algorithm, and a random algorithm.
A preference-aware opportunistic content dissemination scheme, named PrefCast, is proposed in [50] . PrefCast aims at utilizing users' opportunistic proximity-based communication to offload cellular traffic from the BS while maximally satisfies users' preferences for the contents. PrefCast consists of two steps, i.e., initial source-object assignment and subsequent users' forwarding scheduling. The initial sourceobject assignment selects the pair of the content object and the source by considering both the structure of the node community originating from the source and the resulting preferences of the nodes in the community for the content object. As for the subsequent users' forwarding scheduling, it is an extension of their previous work in [35] .
In [51] , Lu et al. tackle the problem of selecting a set of initial sources, through which the information can be diffused to the MSN in speed. This problem is referred to as the diffusion minimization problem and studied under a probabilistic VOLUME 5, 2017 diffusion model. The authors propose a centralized community based algorithm and a distributed set cover based algorithm for the selection of initial sources.
As part of our work in [36] , the seed selection algorithm takes into account both users' mobility characteristics in the physical network and the structural properties of the social network. We first define a social-physical graph that fuses these information, then partition the graph into communities based on edge-betweenness centrality, and last select seeds for the communities according to vertex-closeness centrality.
E. MISCELLANEOUS
In addition, there are also some other works that explore data dissemination in MSNs from other perspectives, which are reviewed in this section. In [52] , a geocommunity-based broadcast scheme is proposed for data dissemination in MSNs. This work considers the scenario in which a single superuser moves around to broadcast data to other users in the network. The authors first propose the definitions of geocommunity and geocentrality, which jointly consider users' social behaviour and geographical location. Then a semi-Markov process is used to model users' mobility on the basis of the geocommunity structure in the network. Based on the geocentrality information derived from the model, several routing algorithms are proposed to achieve the goal of minimizing completion time or maximizing dissemination ratio. In this work, data broadcasting from the superuser to regular users is limited to one-hop scenario. The opportunistic contacts between regular users with social connections can be further utilized to facilitate data dissemination.
The work in [53] investigates the dissemination of realtime messages in the MSN from a ranking perspective. The MSN is modelled as a time evolving graph, which regards the dynamic network as a sequence of subgraphs that evolve over time. Then a dynamic walk counting based approach is proposed to rank the capability of the nodes for disseminating real-time messages in the network. It is noticed that the proposed ranking of node importance in spreading messages is particularly useful for mobile social applications such as target advertisement and message spreading.
In [54] , Ioannidis and Chaintreau exploit the effect of weak ties on disseminating content updates. It is demonstrated that weak ties can play an important role in designing users' transmission strategies to limit the bandwidth usage in the network. That is, if users' contacts to others are limited by their weak ties, a favourable tradeoff can be achieved between bandwidth usage and the age of users' content. In addition, it shows that the strength of weak ties for data dissemination is rooted from their effect on edge expansion of the social network.
V. INCENTIVE SCHEMES FOR DATA DISSEMINATION
In addition to initial source selection and the miscellaneous problems discussed in Section IV-D and Section IV-E, the incentive issue is another important aspect of data dissemination. Table 3 compares some typical solutions to these key problems. In most works reviewed in Section II and Section IV, it is assumed that all users are completely cooperative. In fact, rational users can be either cooperative or selfish and they tend to be selfish when the available resources are limited. A selfish user merely focuses on maximizing its benefit and is usually unwilling to carry and forward messages for other users. Therefore, incentive schemes are necessary to stimulate users' cooperation and attract more users to participate in data dissemination.
In the literature, there are some existing incentive schemes that aim to effectively stimulate user cooperation.
In [55] , a credit-based incentive scheme is proposed to strengthen nodal cooperation for data dissemination. In this scheme, every user is initially assigned some credits. Each user estimates the ability that the neighbours fetch messages of each interested type based on their mobile patterns. Then a user utilizes a prepay function to determine the credits to rent some users that help it fetch the desired messages. If the rented users deliver the messages within the given time, they will receive the credits. Based on a utility function, a user decides which other users it should rent and what messages the rented users are expected to fetch. An approximation algorithm is developed to solve the optimization problem that aims to maximize the increment of a user's utility per credit spent for the obtained messages. In other words, the problem balances the utility gained from the interested messages and the credits paid.
In [56] , Ning et al. propose a self interest-driven incentive scheme for ad dissemination in autonomous MSNs, which are composed of a set of intermittently connected mobile nodes. This incentive scheme includes virtual checks in each ad packet to serve as prepaid credits. When an ad packet is successfully received by an intended recipient, the recipient authorizes the sender a digitally signed check. The sender can request to cash the signed virtual check for the credits when it meets the ad provider. The ad packets and signed virtual checks can be traded among mobile nodes separately. This work formulates the interaction between two nodes a twoplayer cooperative game and derives a solution based on the Nash Bargaining Theorem.
In [57] , Bigwood and Henderson, propose a reputationbased incentive scheme, called IRONMAN, for opportunistic networks, which utilizes social network information to encourage selfish nodes to participate in contention distribution. In IRONMAN, each node is marked by a trust score that is adjusted based on whether it forwards the received message to the encountered destination nodes in the network. If the trust score of a node is not greater than the trust threshold, the node will be detected as a selfish node. Selfish nodes are punished such that all messages imitated from those nodes will be discarded by other intermediate receiving nodes. Thereby, nodes are encouraged to behave cooperatively and increase their trust scores so that they keep a good reputation and have their own messages delivered by others.
VI. CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS
In this paper, we survey existing studies on social-aware data dissemination over mobile wireless networks, and contrast these social-aware approaches with traditional data dissemination approaches for DTNs, opportunistic networks, and cellular networks. The traditional approaches more focus on the physical constraints of the underlying networks. For example, many studies aim to address the challenges of wireless links and network architectures in coding and MAC. On the other hand, social-aware approaches exploit social structures and user mobility patterns in the overlaying network that is built upon the mobile communication network and the online social network. Specifically, we group our discussions according to the theoretical models adopted in the socialaware approaches. As seen, game theory, matching theory, and optimization theory provide effective tools to solve various data dissemination problems.
For future research, we would point out two interesting directions, which are related to two problems highlighted in the discussion in Section IV, i.e., initial source selection and incentive design. First, initial source selection needs to further address the new challenge arising with a largescale social network. Indeed, many studies have shown that data dissemination performance can be enhanced when the structural properties of the social network are incorporated into seed selection. Nonetheless, a large-scale application of social-awareness in such manners will increase substantially the overhead of collecting social information and the complexity of analyzing the social graph to identify critical seeds. Hence, new studies are expected to cope with the large scale with proper decomposition and the resulting incomplete information.
Second, the incentive design for data dissemination should jointly consider users' altruism and selfishness for effective data dissemination. As data forwarding inevitably consumes the limited resources of mobile devices, such as energy, bandwidth, storage, and computing power, most existing work either assumes that users are completely altruistic, so they are willing to transmit messages to anyone they encounter, or assumes that users are absolutely selfish, so that they demand sufficient incentives (e.g., monetary refunds) to participate in the process of data dissemination. In fact, a user tends to be double-faced such that he/she is selfish to strangers but altruistic to the social connections. In the literature, some auction-based approaches have been proposed to provide monetary incentives, e.g., virtual checks or credits, to mobile devices that forward messages to others [58] , [59] . However, the transfer of money may be a hassle in some environments due to the payment overhead or security concern. Truthful moneyless incentive schemes would be more promising due to lightweight implementation.
